Disruption of the neural response to rapid acoustic
stimuli in dyslexia: Evidence from functional MRI
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The biological basis for developmental dyslexia remains unknown.
Research has suggested that a fundamental deficit in dyslexia is the
inability to process sensory input that enters the nervous system
rapidly and that deficits in processing rapid acoustic information
are associated with impaired reading. Functional magnetic reso-
nance imaging (fMRI) was used to identify the brain basis of rapid
acoustic processing in normal readers and to discover the status of
that response in dyslexic readers. Normal readers showed left
prefrontal activity in response to rapidly changing, relative to
slowly changing, nonlinguistic acoustic stimuli. Dyslexic readers
showed no differential left frontal response. Two dyslexic readers
participated in a remediation program and showed increased
activity in left prefrontal cortex after training. These fMRI results
identify left prefrontal regions as normally being sensitive to rapid
relative to slow acoustic stimulation, insensitive to the difference
between such stimuli in dyslexic readers, and plastic enough in
adulthood to develop such differential sensitivity after intensive
training.

evelopmental dyslexia is a reading disorder that affects

between 5% and 17% of the population (1). It is charac-
terized by reading difficulty in those who otherwise have the
intelligence, motivation, and schooling necessary for accurate
and fluent reading (1, 2). Neurobiological and genetic influences
on dyslexia have been found from multiple research methods,
including postmortem anatomy (3), neuroimaging [positron
emission tomography (PET) (4-8) and functional MRI (fMRI)
(9-11)], electro- and magneto-encephalography (12-14), and
genetic linkage studies (15). These studies are representative of
many that suggest a biological basis for dyslexia; however, its
fundamental nature remains unknown and an active topic of
research.

Developmental dyslexia seems on its face to be a primarily
visual problem, and early explanations characterized dyslexia as
a visual disorder typified by reversal of letters and words. These
theories, however, have not been supported by the evidence (1).
Although dyslexic individuals do exhibit some abnormalities of
visual processing (particularly for rapidly transient visual stimuli)
(9-10, 16-18), a strong consensus has developed that the central
difficulty in dyslexia is related to the processing of speech
sounds, known as phonological processing (1, 2). Sensitivity to
speech sounds (phonemes) normally develops in infancy and
continues to be shaped by experience, especially in the first year
of life (19). Dyslexic individuals are particularly impaired at an
aspect of phonological processing known as phonemic aware-
ness, which is the ability to consciously decompose words into
their constituent speech sounds (1, 2). Phonemic awareness
develops as a child learns to read: The emerging reader (espe-
cially of alphabetic languages such as English) requires phonemic
awareness to map orthographic representations onto existing
spoken language representations (20, 21). Dyslexia appears to
involve a problem in learning to relate visual input to phono-
logical representations.

Some researchers have suggested that the phonological pro-
cessing deficit in dyslexia may reflect a more fundamental deficit
in the processing and integration of rapidly successive and
transient signals in the nervous system (the rapid processing
hypothesis) (22-24). According to the rapid processing hypoth-
esis, deficits in processing transient rapid acoustic signals impair
the ability to discriminate acoustic cues that are necessary to
distinguish phonemes. This impairment compromises the devel-
opment of robust and stable phonological representations, which
in turn leads to the difficulties in phonological processing
observed in dyslexia (22). This hypothesis has been supported by
behavioral research (for reviews, see refs. 25 and 26) reporting
that dyslexic readers have deficits in processing rapidly transient
acoustic and visual stimuli (9-10, 16-18, 22, 27, 28) and that the
deficits are correlated across modalities (29). There is, however,
debate about the precise relations between nonspeech acoustic
deficits and reading impairments (30, 31).

Neuroimaging of reading or reading related tasks have dem-
onstrated reduced activity in the left perisylvian region in
dyslexia (4, 6-8, 11). Additionally, studies have suggested a
functional (32) and structural (33) disconnection between fron-
tal and temporal language regions in adult dyslexics. To date,
however, no study using fMRI or PET has examined the neural
response to rapidly changing nonlinguistic auditory stimuli in
dyslexic readers to test whether, as the rapid processing hypoth-
esis predicts, this group exhibits differences in the neural re-
sponse to rapidly changing acoustic information.

The goal of this study was to discover whether in dyslexia there
is a disruption in the neural response to rapid nonlinguistic
acoustic stimuli. Computer-synthesized complex acoustic stimuli
were presented that had rapid or slow acoustic transitions at the
front and tail of a central steady-state period. The stimuli were
nonspeech analogues specifically designed to mimic the spectro-
temporal acoustic changes that characterize consonant-vowel—-
consonant syllables but did not correspond to any actual or
possible speech stimulus (as in ref. 34) (Fig. 1). Subjects per-
formed a pitch discrimination task while stimuli alternated
between blocks of rapid and slow nonspeech analogues. Subjects
were instructed to press a button for high-pitched, but not for
low-pitched, stimuli. The pitch discrimination task was unrelated
to the manipulation of temporal acoustic changes, so any dif-
ference in neural response would reflect an incidental or auto-
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Fig. 1. Nonspeech analogues (34). Spectrograms of stimuli with frequency
(Hz) on the vertical axis and time (ms) on the horizontal. (a) Rapid stimuli are
shown. The spectro-temporal structure of the rapid stimuli was similar to that
of consonant-vowel-consonant speech syllables, with very rapid acoustic
changes occurring over 40 ms surrounding a 520-ms steady-state period. (b)
Slow stimuli are shown. The duration of the acoustic transition was extended
to 200 ms.

matic sensitivity to rapid acoustic changes. Whole-brain fMRI
was performed while subjects (Table 1) made these pitch judg-
ments for rapid and slow nonverbal sounds.

Materials and Methods

Subjects. Eight adults with a history of developmental dyslexia
and 10 matched controls with no history of reading or language
disorders were selected. Standardized reading tests were given to
confirm the case history classification and group difference on
reading measures (Table 1). All were physically healthy and free
of any history of neurologic disease. One dyslexic subject was
receiving medication for bipolar disorder. (Exclusion did not
alter results, and so results include this subject.) Informed
consent was obtained after the nature and possible risks of the
experiment were explained.

Task and Stimuli. Subjects were instructed to press a button for

high-pitched (250 Hz FO) but not for low-pitched stimuli (125 Hz
F0). Sounds lasting 600 ms were presented every 1,050 ms and

Table 1. Subject characteristics

alternated [20 total blocks (16.8 s) of 16 items] between coun-
terbalanced blocks of either rapid (40 ms) or slow (200 ms)
stimuli (320 items and a total scan length of 336 s). In each block,
half were high pitched with a pseudo-random ordering.

fMRI Acquisition. Images were acquired with a 1.5-T GE Signa
whole-body scanner with a whole-head elliptical coil by means of
a single-shot gradient-echo T2* spiral, with one interleave (35)
[TR = 2,100 ms; TE = 40 ms; flip angle = 85° FOV = 22 cm,
20 sagittal slices (6-mm slice thickness and 1-mm skip)]. Three-
dimensional SPGR T1 volume (TE = minimal full; flip angle =
15°% FOV = 24 cm) and T1 spin-echo structural images (colo-
calized to the fMRI slices) were collected as a substrate to
overlay functional data. Four dummy images (8.4 s) were col-
lected before stimulus presentation to allow for dissipation of
gradient-induced auditory cortical activation (36). A bite-bar
was used, and the motion artifact was corrected with AIR 3.0 (37).
Responses were collected during scanning with a hand-held
fiber-optic response button. Auditory stimuli were delivered
binaurally by using a Resonance Technology (Van Nuys, CA)
system.

fMRI Analysis. Data were analyzed by use of spmM96 (Wellcome
Department Cognitive Neurology, London, U.K.) implemented
in MATLAB (Mathworks, Natick, MA). Images were normalized
into a standard space (MNI standard brain) by aligning each
image to a normalized template using a nine-parameter linear
transformation and then smoothed by using a 10-mm full-width
at half-maximum Gaussian kernel. Data were analyzed accord-
ing to a mixed-effects general linear model, treating subjects as
a random effect to allow population inference (38). For each
subject, adjusted mean images were created for each condition
after removing global signal and low-frequency covariates. Con-
dition effects were estimated according to the general linear
model at each voxel. Contrasts were used to compare the effect
of stimulus type (rapid vs. slow) along with the stimulus type by
group interaction. Voxels were considered statistically signifi-
cant at an uncorrected P < 0.005.

Training and Testing. Training. FAST FORWORD (Scientific Learn-
ing, Berkeley, CA) training consisted of seven adaptive com-
puter exercises designed to improve rapid successive processing
by using linguistic and nonlinguistic stimuli, as well as syntactic
and semantic skills, for 100 min a day, 5 days a week, for an
average of 33 training days (23, 24, 39).

Testing. Rapid auditory processing used a three-tone identi-
fication task with 20-ms tones and a decreasing interstimulus
interval (ISI) to determine 75% threshold ISI needed for

Variable Normal readers (n = 10) Dyslexic readers (n = 8) P value
Age, years 32 (1) 28 (13) NS
Education, years 14 (3) 13 (2) NS
Handedness
% right-handed 90 75 NS
Annett laterality score 14.7 10.5 NS
Gender, % male 90 88 NS
Nonverbal 1Q* 100 (15) 90 (7) 0.10
Woodcock Reading Mastery*
Word ID (real word reading) 107 (10) 83 (12) <0.001
Word attack (nonword reading) 108 (10) 89 (16) <0.01
Rapid Auditory Processing
Threshold ISI (ms) for three-tone ordering 38 267 <0.001
Data are means (standard deviation). NS, not significant.
*Standard score is 100 (15).
13908 | www.pnas.org Temple et al.



Table 2. Stereotactic locations of significant activations for rapid nonspeech analogues compared to slow nonspeech analogues for

each group and the differences between groups

Group/region Voxels, no. BA X Y V4 P value Max Z
Normal readers
L middle/superior frontal gyri 247 46/10/9 —28 38 28 0.004 2.62
R middle temporal gyrus 146 39 50 -62 28 0.001 3.19
Bi cingulate gyrus 116 23 -6 -26 28 0.004 2.78
R medial frontal gyrus 85 6 12 2 60 0.001 3.26
R middle/superior temporal gyri 65 21/38 40 -8 -12 0.003 2.78
Dyslexic readers
Bi cingulate gyrus 1519 31 —4 -34 36 0.001 2.83
Bi anterior cingulate gyrus 408 24 2 38 0 0.003 2.76
R middle temporal gyrus 333 21 58 -438 8 0.002 2.96
R cerebellum 239 N/A 22 -60 —28 0.004 2.68
L cerebellum 229 N/A -16 —40 —28 0.000 3.38
L middle temporal gyrus/ 81 21 -50 -2 -16 0.000 3.63
anterior temporal pole 21/38 —56 0 -32 3.30
medial cerebellum 55 N/A -2 -72 —44 0.000 3.67
Group difference
L middle/superior frontal gyri 129 46/10/9 -36 20 32 0.002 2.87
R cerebellum (posterior lobe) 63 N/A 40 -78 —-40 0.002 2.95

XYZ coordinates refer to the number of millimeters from AC (anterior commissive) by using MNI standard brain coordinates. BA, putative Brodmann area;

L, left; R, right; Bi, bilateral; N/A, not applicable.

detection. Auditory language comprehension used SCAN-A (The
Psychological Corporation, Harcourt Brace). Reading compre-
hension used the Reading Quotient subtest of Gray’s Oral
Reading Test. Word reading used the Word ID subset of
Woodcock Reading Mastery Tests [Revised (1987), American
Guidance Service, Circle Pines, MN]. Handedness was tested as
described in ref. 40. Nonverbal IQ was measured with the Matrix
Analogies Test [expanded form (1985), J.A. Naglieri, Harcourt
Brace].

Results

Behavioral Results. For pitch discrimination performance, normal
readers were slightly more accurate overall than were dyslexic
readers [percent correct normal readers: 95% * 1% (mean =
SEM) for rapid and 98% = 2% for slow nonspeech analogues;
percent correct dyslexic readers: 92% * 3% for rapid and 93%
+ 5% for slow nonspeech analogues, P < 0.01]. A small
reduction in pitch discrimination in dyslexia has been reported
(41). Accuracy was slightly but reliably greater for slow than for
rapid stimuli (P < 0.01). Importantly, normal readers were not
disproportionately more accurate for the rapid stimuli; there was
no interaction between speed of the transition (rapid vs. slow)
and group (normal vs. dyslexic reader) [F(1,16) = 2.95, P > 0.1].
Responses for correct trials were significantly faster for rapid
than slow stimuli (P < 0.01) [reaction time for normal readers:
510 = 70 ms (mean = SEM) for rapid and 537 * 64 ms for slow
stimuli; reaction time for dyslexic readers: 468 + 39 ms for rapid
and 498 * 48 ms for slow stimuli]. Thus, performance with the
rapid stimuli was inferior by an accuracy measure but superior
by a latency measure (speed—accuracy tradeoff). Response times
did not differ between dyslexic and normal readers [F(1,16) =
2.38, P > 0.1], and there was no interaction between group and
stimulus type [F(1,16) = 0.04, P > 0.1]. The similarity in reaction
times between the two groups and the lack of interactions
between group and stimulus type in both accuracy and reaction
time suggest that any brain activation differences were not
secondary to issues of differential task difficulty between the two
groups.

fMRI Results. We obtained evidence for a specific disruption of
the neural response to rapidly transient acoustic stimuli in adults

Temple et al.

with developmental dyslexia. Statistical analysis of the fMRI
data revealed five brain regions in the normal readers that were
more active during the blocks of rapid, than slow, nonspeech
analogues (Table 2). The largest activation was in the left
prefrontal region, between the middle and superior frontal gyri
in Brodmann area 46/10/9 (Fig. 2a). Analysis of the dyslexic
readers revealed no left frontal response to the rapid, relative to
the slow, stimuli (Fig. 2b and Table 2). Individual analyses
revealed that 9 of 10 normal readers exhibited a left frontal
response to the rapid stimuli, whereas only 2 of the 8 eight
dyslexic readers had any left frontal activity for this comparison.
Analysis for trends of activity, by using a liberal threshold of P =
0.1, showed no differential activity for rapid relative to the slow
stimuli in the dyslexic group in the left frontal cortex.

Neural responses to rapidly changing stimuli in the dyslexic
and control groups were compared directly. This analysis con-
firmed a disruption in the left frontal response in the dyslexic
readers. The primary group difference in brain activity elicited
by the rapid nonspeech analogues (such that normal readers had
greater activity than dyslexic readers) was in the left prefrontal
cortex, astride the middle and superior frontal gyri in Brodmann
areas 46/10/9 (Fig. 2c and Table 2).

A functionally defined region of interest (ROI) in the left
prefrontal cortex [created from the cluster of voxels that were
significantly more active (P = 0.05) during the rapid than the
slow blocks in the normal readers] was used to interrogate both
groups’ neural response to rapid auditory stimuli. This analysis
showed an interaction between group and stimulus [F(1,16) =
5.78, P < 0.05]. Normal readers had significantly increased
activity in this region during the rapid, as compared with slow,
stimuli, whereas dyslexic readers had no difference in activity
between stimulus types (Fig. 3a).

The group comparison also revealed the right posterior cer-
ebellum as a region where dyslexic and normal readers differed
in their neural response to the rapid nonspeech analogues (Table
2). To determine the nature of the interaction, a region of
interest analysis was performed, by using the region defined by
the group comparison as a functional ROI to interrogate both
groups. The analysis showed a significant interaction between
group and stimulus [F(1,16) = 2.4, P < 0.0001]). Dyslexic readers
had significantly more activity for the slow than the rapid stimuli,

PNAS | December5,2000 | vol.97 | no.25 | 13909

NEUROBIOLOGY



a. Normal Readers

Cﬂ

Z value

—

coronal:

axial: 38 mm anterior the AC

28 mm above the AC-PC
b. Dyslexics

25

Z value
- o N

0.5

coronal:
38 mm anterior the AC

axial:
28 mm above the AC-PC

c. Group Difference

25
2
g
3 15
gt
05
0 coronal:
20 mm anterior the AC
axial:
32 mm above the AC-PC
Fig.2. fMRIresponse to rapid auditory stimuliin normal and dyslexic readers

(P < 0.025). (a) Normal readers (n = 10) show significant difference between
rapid and slow nonspeech analogues in left prefrontal cortex. Normalized,
averaged functional maps are overlaid on the smoothed averaged anatomies
of 10 subjects. (b) Dyslexic readers (n = 8) show (on the smoothed averaged
anatomies of dyslexic readers) no differential left frontal response to rapid
stimuli. (c) Group difference in brain activity. Region shows significant group
by stimulus interaction; normal readers had more activity than the dyslexic
readers for the rapid versus slow comparison. AC-PC, anterior-posterior com-
missive plane.

whereas normal readers had an opposite pattern of activation
with greater activity for rapid than slow stimuli (P = 0.06; Fig.
3b). The marginal statistical significance in the normal readers

13910 | www.pnas.org

explains why this activation was not identified in the original
results.

To consider the possible influence on activation of the small
difference in pitch discrimination between groups, we per-
formed a secondary analysis with groups matched for perfor-
mance [normal (n = 5) and dyslexic (n = 4) readers had same
mean accuracy (95.5% and 95.6% correct, respectively) and
same range (94.7-96.3% correct)]. These performance-matched
groups still showed the same group difference in response to
rapid stimuli in both the left frontal and right cerebellar ROIs.
In the left frontal region, normal readers had greater activity for
rapid than slow stimuli (P < 0.05), and dyslexic readers had no
difference between rapid and slow stimuli (P > 0.1). Even with
the reduced power of only nine subjects, the interaction between
group and stimulus type showed the same trend as in the larger
group [F(1,7) = 4.28, P = 0.07]. In right cerebellum, normal
readers had greater activity for rapid than slow stimuli (P =
0.05), and dyslexic readers had greater activity for slow than
rapid stimuli (P < 0.01), with a significant interaction between
stimulus and group [F(1,7)=60.3, P < 0.001]. Thus, the group
difference in neural response to rapid stimuli was not a function
of any group difference in pitch-discrimination accuracy.

A test of rapid auditory processing was performed outside the
scanner by six dyslexic and eight normal readers (four subjects’
data were not recorded accurately) in which a 75% threshold ISI
in ordering three tones was determined for each subject. Dyslexic
readers had a higher threshold ISI (267 ms vs. 38 ms; Table 1).
Differential brain activity in the left frontal ROI was correlated
with rapid auditory processing ability (the lower the threshold
IST, the greater the difference between activity for the rapid than
the slow stimuli; R> = 0.5, P = 0.007). Differential brain activity
was not correlated with rapid processing in the right cerebellar
ROI (R?> = 0.2, P > 0.1).

A question of practical and theoretical interest was whether
the abnormal response seen in the dyslexic readers was fixed
(due to either genetic and/or experiential factors) or plastic and,
therefore, amenable to training in adulthood. In the present
study, three of the eight dyslexic subjects underwent a training
program (23, 24, 39) designed to improve rapid auditory pro-
cessing and returned for MR I retesting. Training did not include
exposure to the nonspeech analogues or task used in the fMRI
experiment. These three subjects were the only ones who both
completed the training program as designed and agreed to
undergo a follow-up fMRI session. When these subjects’ brain
responses to rapid nonspeech analogues were compared before
and after training, two (Subjects 1 and 2) showed significantly
increased activity in left prefrontal cortex (Fig. 4). These two
individuals also showed significant improvement on both rapid
auditory processing and auditory language comprehension tests
after training, whereas the individual who did not show a brain
response to rapid stimuli after training failed to show these
behavioral improvements (Fig. 4). None of the subjects showed
an effect of training in the right cerebellum.

Discussion

This brain imaging study shows both a disrupted neural response
to rapid auditory stimuli and its location in dyslexic adults. The
study provides evidence for three main findings. (i) The left
prefrontal cortex (specifically, Brodmann areas 46/10/9 along
the middle and superior frontal gyri) is sensitive to rapidly
changing, compared with slowly changing, nonverbal acoustic
stimuli. The correlation between superior rapid auditory pro-
cessing behaviorally and greater activation in left prefrontal
cortex provides additional support for this area being specifically
involved in processing rapid acoustic information. (if) This study
shows this sensitivity to rapid relative to slow nonverbal auditory
stimuli in the left prefrontal cortex is disrupted and essentially
absent in adult dyslexics. This finding suggests that rapid audi-

Temple et al.
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Fig. 3. Region of interest analysis of group differences in fMRI response to rapid auditory stimuli. Relative signal (percent of average significantly activated
pixels) on vertical axes. Relative responses to blocks of rapid and slow stimuli are shown by open and shaded bars, respectively (error bars, SEM). Repeated
measures analysis of variance (ANOVA) used to determine interactions between group (normal vs. dyslexic readers) and stimulus (rapid vs. slow). Two-tailed t
tests were performed post hoc. (a) Left prefrontal cortex data are shown. Normal readers had significantly increased activity for rapid compared with slow
nonspeech analogues (P < 0.001), whereas dyslexic readers had no significant difference in activity for the two stimulus types (P > 0.1). (b) Right cerebellar
hemisphere data are shown. Dyslexic readers had more activity for slow than for rapid nonspeech analogues (P < 0.001), whereas normal readers showed the

opposite trend (P = 0.06).

tory processing mediated by left prefrontal cortex is important
for reading. (iii) These results suggest that training in rapid
auditory discrimination can lead to the development of brain
activation in response to rapid stimuli in the left prefrontal
cortex of the adult brain. The dyslexic participants in this study
had both language deficits and rapid auditory processing deficits
(as demonstrated by their performance on the three-tone iden-
tification test), and further studies will be required to determine
how representative these results are to other groups of dyslexic
adults.

Given the auditory nature of the task, it may be unexpected
that frontal brain areas were sensitive to the rapidity of
acoustic stimuli rather than auditory regions in temporal

Fig.4. Training effects in brain responses to rapid auditory stimuli. Subjects
1 (Left) and 2 (Right) showed a training effect in the left frontal cortex, with
greater activation for rapid than for slow stimuli after training. Regions that
show a significant interaction of training (before and after) and stimulus
(rapid and slow) are shown (P < 0.025) overlaid on the individuals’ normalized
anatomy. Spatial extent and location of all activity are shown below for both
subjects. Behavioral improvement: Rapid auditory processing improvement
for Subjects 1 and 2 were 82 and 164 ms, respectively; Subject 3's (not shown)
improvement was only 31 ms. Auditory language comprehension improve-
ment for Subjects 1 and 2 were 25 and 29 points respectively; Subject 3's
improvement was only 8 points. All subjects improved on written language
comprehension (gains of 15, 21, and 18 points, respectively) and more mod-
estly on word reading (gains of 5, 7, and 6 points, respectively).

Temple et al.

cortex. However, extensive connections have been demon-
strated in primates (42) between auditory regions in the
temporal cortex and the dorsolateral frontal regions homol-
ogous to those identified in the present study. There is,
furthermore, convergent evidence that left prefrontal areas
are involved in rapid auditory processing. A PET study (34)
with stimuli similar to those used in our study showed activa-
tion in the same left prefrontal region for rapid stimuli relative
to a resting baseline, but no activation for slow stimuli relative
to the same baseline (the difference between rapid and slow
stimuli was not statistically significant at the threshold used in
that study). Whether the difference between rapid and slow
stimuli exceeds threshold may be accounted for by different
imaging methodologies (PET vs. fMRI), different task de-
mands (passive presentation vs. pitch judgment), differences in
stimuli, or different analyses. Further support comes from
work that indicates this region shows increased activity as
linguistic acoustic stimuli are presented with increased rapidity
(R.AP,ET., AP,SN, P.T,, MMM, and J.D.E.G., unpub-
lished results). In that study, auditory sentences were com-
pressed to various degrees, increasing the rapidity of the
acoustic transitions in the speech stream. A similarly localized
left prefrontal cortex increased in activity as compression
increased. Another PET study (43) showed that when linguistic
and nonlinguistic stimuli were grouped according to the
presence or absence of rapidly changing acoustic cues, a region
of the left frontal cortex was differentially active for the stimuli
with rapidly changing acoustic cues. The region identified in
that case was more posterior than observed in this study, which
may be due to differences in task, stimuli, and perhaps imaging
methodology.

In addition to the differences between normal and dyslexic
readers in left prefrontal cortex processing of rapid stimuli, there
were differences in right cerebellar response to rapid stimuli.
Right cerebellar hemisphere and left frontal cortex are con-
nected anatomically and have been shown to activate coinciden-
tally (44, 45). However, the role of the cerebellum in language
processing is not currently known (44). Other studies have also
suggested that the cerebellum may be dysfunctional in dyslexia.
Behavioral research has shown that dyslexics have deficits on
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tasks that rely on cerebellar integrity (46). In addition, a PET
study (47) of motor sequence learning in dyslexic adults found
that control subjects had more activity than dyslexics did in right
cerebellum for prelearned and new motor sequences as com-
pared with rest. Of particular interest is the role that has been
demonstrated for the cerebellum in timing mechanisms for both
motor and cognitive processes (44). Although it is possible that
the processing of rapidly changing stimuli involves timing mech-
anisms that require the cerebellum, additional research is nec-
essary to establish this connection.

There were important differences in the observed group
difference in cerebellar and left prefrontal response to rapid
stimuli. For the left prefrontal cortex, normal readers exhibited
increased activity during rapid as compared with slow stimuli,
whereas dyslexic readers exhibited no differential response (both
stimuli elicited approximately equal activity). The right cerebel-
lum, on the other hand, was more active for rapid as compared
with slow stimuli in normal readers but showed the opposite
pattern in dyslexic readers and was more active for slow as
compared with rapid stimuli. Additionally, whereas the differ-
ential response to rapid as compared with slow stimuli was
correlated with the subjects’ rapid auditory processing perfor-
mance in the left frontal cortex, it was not correlated in the right
cerebellum. Another important difference between the two
regions’ disruptions in dyslexic readers is in their response to
training. The lack of left frontal responsiveness was at least
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partially ameliorated by training; whereas (at least in the three
subjects in this study) training did not influence the abnormal
cerebellar response.

The processing of transient acoustic signals has long been
proposed as an important element of language ability and an
underlying factor in language-based learning disabilities.
There has, however, been little direct evidence about what
brain systems support such processing. The present findings
and those of Belin er al. (34) point to the role of the left
prefrontal region in processing of nonlinguistic rapidly chang-
ing acoustic stimuli. The absence of left prefrontal activation
in dyslexic readers and the growth of such activation in
response to training provide convergent evidence for an
important role of this area in language comprehension and
reading. These results suggest that functional brain imaging
not only may reveal the brain systems that mediate rapid
auditory processing but also may contribute to diagnosis and
treatment of reading disorders by visualizing atypical re-
sponses and brain plasticity in response to remediation.
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